In coronary bifurcations assessment, evaluation of side-branch (SB) ostia by an optical coherence tomography (OCT) pullback performed in the main branch (MB) could speed up lesion evaluation and minimize contrast volume. Dedicated software that reconstructs the cross-sections perpendicular to the SB centreline could improve this assessment. We aimed to validate a new method for assessing the SB ostium from an OCT pullback performed in the MB.
Aims
In coronary bifurcations assessment, evaluation of side-branch (SB) ostia by an optical coherence tomography (OCT) pullback performed in the main branch (MB) could speed up lesion evaluation and minimize contrast volume. Dedicated software that reconstructs the cross-sections perpendicular to the SB centreline could improve this assessment. We aimed to validate a new method for assessing the SB ostium from an OCT pullback performed in the MB.
Methods and results
Thirty-one sets of frequency-domain OCT pullbacks from 28 patients, both from the MB and the SB of a coronary artery bifurcation were analysed. Measurements of the SB ostium from the SB pullback were used as a reference. Measurements of the SB ostium from the MB pullback were then performed in a laboratory setting by (i) conventional analysis and (ii) cut-plane analysis, and the measurement error for each analysis was estimated. Correlations of SB ostium measurements acquired from the MB pullback in comparison with reference measurements acquired from the SB pullback were higher with cut-plane analysis compared with conventional analysis, albeit not reaching statistical significance (area: r cut-plane ¼ 0.927 vs. r conventional ¼ 0.870, P ¼ 0.256; mean diameter: r cut-plane ¼ 0.918 vs. r conventional ¼ 0.788, P ¼ 0.056; minimum diameter: r cut-plane ¼ 0.841 vs. r conventional ¼ 0.812, P ¼ 0.734; maximum diameter: r cut-plane ¼ 0.770 vs. r conventional ¼ 0.635, P ¼ 0.316). Cut-plane analysis was associated with lower absolute error than conventional analysis (area: 0.56 + 0.45, vs. 1.50 + 1.31 mm 2 , P , 0.001; mean diameter: 0.18 + 0.14 vs. 0.44 + 0.30 mm, P , 0.001).
Conclusion
Measurements of SB ostium performed in a laboratory setting by cut-plane analysis of an OCT pullback of the main branch have high correlation with reference measurements performed in a SB OCT pullback and lower error compared with conventional analysis.
Introduction
Bifurcation lesions are associated with increased events following percutaneous coronary intervention (PCI). Factors contributing to this adverse outcome include limitations of angiography in assessment of side-branch (SB) disease severity 1 and the lack of established angiographic predictors of SB patency and lumen compromise.
Intravascular imaging has provided new understanding of mechanisms associated with SB compromise following bifurcation PCI. 2 -5 Optical coherence tomography (OCT) is an intravascular imaging modality that can potentially be used for bifurcation PCI guidance. 6, 7 For the accurate characterization of bifurcation lesions, two OCT pullbacks are typically required: one from the main branch (MB) and a second separate OCT pullback from the SB. In clinical practice, however, it would be highly desirable to also obtain crucial information for the SB ostium from a single MB pullback. In the past, SB ostial assessment from the MB was subject to significant errors due to the misalignment of the imaging catheter relative to the SB centreline ( Figure 1) . 8 -11 To overcome this limitation, a novel approach has been developed. The QAngioOCT 1.0 (Medis Specials Bv, Leiden, the Netherlands) is a new software that can reconstruct the cross-sections perpendicular to the SB centreline and enable more accurate assessment of SB ostia from MB pullbacks. 12 We aimed to validate ostial SB measurements from a main-branch OCT pullback, performed with QAngioOCT, against measurements of the SB ostium obtained from an OCT pullback from the SB.
Methods

Study population
The OCT imaging database of Erasmus MC was reviewed for identification of OCT pullback sets suitable for inclusion in the study. A set of pullbacks was included when good quality frequency-domain OCT pullbacks from both branches were available. The exclusion criteria were invasive treatment of the imaged bifurcation taking place between acquisition of the two pullbacks, poor image quality or image artefacts (e.g. guidewire shadow) hampering SB ostium visualization, and incomplete SB visualization in the range of the OCT system (10 mm) at the level of the carina. After review of studies acquired in the interval between 1 October 2009 and 1 July 2013, 98 sets of OCT pullbacks with visualization of a bifurcation from both branches were considered for inclusion. Sixteen sets of pullbacks (16.3%) were excluded due to the presence of artefacts hampering visualization of the SB ostium (incomplete flushing, guidewire shadow, shadowing by stent struts, thrombus). Fifty-one additional pullbacks (52%) were excluded because of out-of-view artefact hampering complete visualization of the SB ostium, and thus conventional analysis. Thirty-one sets (31.6%) retrieved by 28 patients with bifurcation lesions were finally deemed suitable for inclusion. Informed consent was acquired from the patients for use of their imaging data and the study complies with the declaration of Helsinki.
To demonstrate the feasibility of SB ostium analysis by QAngioOCT, even in cases where conventional analysis of the MB pullback is not feasible due to incomplete SB visualization at the carina, a finding very common in left main bifurcations, an additional representative series of 12 consecutive sets of MB and SB pullbacks, in which SB ostium is not completely visualized in the MB pullback, was analysed by QAngioOCT.
Three-dimensional QCA analysis
In all cases with two suitable angiographic projections and an angle between the two projections .258, three-dimensional quantitative coronary angiography (3D-QCA) was performed using QAngio XA 3D (bifurcation edition 1.0; Medis Specials bv). The imaged bifurcation was identified, analysed by 3D-QCA, and the measurements of proximal and distal bifurcation angle, proximal and distal reference diameters, as well as luminal areas and diameters at the ostia of the SB and MB were obtained. 13 
OCT image acquisition
OCT pullbacks were acquired using second-generation OCT systems: (i) the C7XR system (St Jude/LightLab Imaging, Inc., Westford, MA, USA) with Dragonfly catheter (St Jude) (n ¼ 28) and (ii) the Lunawave system (Terumo Corporation, Tokyo, Japan) with Fastview catheter (Terumo Corporation) (n ¼ 3). The OCT catheter was advanced and positioned distal to the imaged bifurcation at the MB or at the SB. A continuous flush of contrast (Iodixanol 370, Visipaque TM , GE HealthCare, Ireland) through the guiding catheter at 3 -4 mL/s was used for blood clearance, while an automated OCT pullback was performed at 20 mm/s. The procedure was then repeated for the other branch. Images were digitally stored and analysed offline.
OCT image analysis
The principle of analysis is presented in Figure 2 . All measurements were performed in a laboratory setting, meaning offline analysis performed by Figure 1 : Potential error in ostial SB assessment. When the pullback is performed from the MB (black line), the plane at the level of the carina does not correspond to the true SB ostium, which can be visualized when the pullback is performed from the SB (red line). D1, short diameter; D2, long diameter; MB, main-branch; MV, main vessel; OCT, optical coherence tomography; SB, side-branch. and the other with pullback from the MB (black dashed line). Conventional SB ostium measurements were performed from the SB pullback. Measurements of the SB ostium from the MB pullback were performed by (1) conventional analysis and (2) cut-plane analysis. The measurement error for each analysis was then estimated using the SB pullback as a reference. Note the lumen shape similarity between the actual SB ostium and the cut-plane reconstruction of the SB ostium from the MB. Abbreviations as in Figure 1 .
Side-branch evaluation by main-vessel OCT an experienced observer (A.K.). Measurements were performed (i) by conventional analysis of the SB pullback; (ii) by conventional analysis of the MB pullback; and (iii) by cut-plane analysis of the MB pullback. Conventional analysis measurements from the SB pullback were used as a reference. Measurements included SB diameter and area, which were defined as the diameter and area, respectively, of the SB ostium. The SB ostium for the purposes of the analysis was defined as the first frame with carina visualization. SB diameter measurements included the minimum, maximum, and mean lumen diameters.
SB pullback: conventional analysis
The SB ostium was identified and diameter and area measurements were performed using the St Jude/Lightlab offline software for C7XR pullbacks and the QCU-CMS software (Medis Specials bv) for Lunawave pullbacks. cross-sectional OCT images, and the white lines (cut-plane) are rotated by the user so that they become perpendicular to the SB centreline. The position of the plane can be confirmed in the three-dimensional renderings (blue line in C and D) and further adjusted. The image generated in E corresponds to this plane and manual lumen segmentation can be performed. Abbreviations as in Figure 1 . Gender (male), n (%) 17 (60. 
MB pullback: conventional analysis
The SB ostium was identified in the MB pullback. Diameter and area measurements were performed in the SB ostium using the St Jude/Lightlab offline software for C7XR pullbacks and the QCU-CMS for Lunawave pullbacks.
MB pullback: cut-plane analysis
The MB pullbacks were saved as DICOM files and imported in the QAngioOCT software. The imaged SB was identified and analysed by the 'cut-plane' analysis module in the software. Image data on the cut-plane were reconstructed and visualized in 3D. The position and orientation of the cut-plane can be easily manipulated by using the crosssectional and longitudinal images so that the cut-plane is adjusted to capture the true vessel morphology perpendicular to the SB centreline. Quantification can be then directly performed from the cut-plane image. An example is presented in Figure 3 .
Variability assessment
All QAngioOCT measurements were assessed for intra-observer and inter-observer variability. Intra-observer variability was assessed by reanalysis of all studies by the same observer after 2 weeks. Inter-observer variability was assessed by reanalysis of all studies by a second independent observer (N.v.D.).
Statistical analysis
All analyses were performed using the SPSS 20.0 (IBM, Chicago, IL, USA). The Pearson correlation coefficient was used to assess correlations of measurements acquired from the SB with measurements acquired by the MB with conventional or cut-plane analysis, and the significance of the difference of the derived correlation coefficients was assessed by the z-test, following Fisher's r-to-z transformation. The measurement error for each method compared with reference measurements was assessed by Bland -Altman plots. Differences in the absolute measurement error were assessed with the paired t-test. Intra-class correlation coefficients (ICCs) for absolute agreement and Bland -Altman statistics were used to assess intra-and inter-observer variability. A univariate logistic regression analysis was performed to identify variables independently associated with measurement error of the SB area. All variables with a P-value of ,0.15 in the univariate analysis were examined with multi-adjusted linear regression analysis with backward elimination, after excluding variables with high collinearity. A P-value of ,0.05 indicated statistical significance.
Results
Baseline and angiographic results
Baseline characteristics are summarized in Table 1 . Angiographic characteristics and 3D-QCA are described in Table 2 . Three patients had two separate sets of OCT examinations: in two cases they were performed pre-and post-stent implantation and in the other case the first set was performed after stent implantation and the second for follow-up evaluation. Side-branch evaluation by main-vessel OCT
OCT analysis
OCT measurements are presented in As seen in the Bland-Altman plots, conventional measurements of SB ostium area, mean diameter, minimum diameter, and maximum diameter from the MB pullback were associated with significant error (Figures 3-7) . Cut-plane analysis was associated with higher reliability, which can be appreciated by the lower mean error and the narrower limits of agreement (Figures 3-7) . The absolute value of the error in SB ostium measurements was reduced from 1.50 + 1.31 to 0.56 + 0.45 mm 2 for area (P , 0.001), from 0.44 + 0.30 to 0.18 + 0.14 mm for mean diameter (P , 0.001), from 0.39 + 0.29 to 0.22 + 0.27 mm for minimum diameter (P ¼ 0.007), and from 0.59 + 0.37 to 0.30 + 0.26 mm for maximum diameter (P , 0.001), when cut-plane analysis was used instead of conventional analysis ( Figure 8) .
In conventional analysis from the MB pullback, the measurement error of the SB area was independently associated with the distal reference diameter in SB and the presence of SB stent. However, the per cent measurement error (measurement error/SB ostium area in SB pullback × 100) was associated only with the distal bifurcation angle (Tables 4 and 5 ).
Variability analysis
Intra-and inter-observer agreement is presented in Table 6 . Intraobserver agreement was very high for all measurements (all ICCs . 0.90). Inter-observer agreement was also very high (ICCs . 0.90), A. Karanasos et al. with the exception of maximum diameter where it was relatively good (ICC ¼ 0.79).
Analysis of pullbacks with incomplete SB visualization
Cut-plane analysis was successful in all 12 cases with incomplete SB visualization at the MB pullback. This series comprised nine left main bifurcations and three left anterior descending-diagonal bifurcations with a mean distal bifurcation angle of 55. An example of a case without SB ostium visualization at the level of the carina is portrayed in Figure 9 .
Discussion
The main findings of this study are that in OCT assessment of SBs in coronary bifurcations: (i) there is high error when SB ostial measurements are obtained by conventional analysis of pullbacks performed in the MB; (ii) use of dedicated software that reconstructs the cross-sections perpendicular to the SB centreline can significantly reduce the error in assessment of SB ostium luminal dimensions and provide highly reliable measurements; and (iii) this analysis is highly reproducible with low intra-and inter-observer differences. Thus, this novel approach could alleviate the need for an additional OCT pullback and help avoid SB instrumentation. Assessment of bifurcation lesions and treatment strategy planning remains challenging. In daily practice, strategy planning often depends on whether or not there is a significant lesion at the SB ostium requiring treatment. Angiography is often hampered to answer this question, as vessel overlap, flow phenomena and foreshortening limit angiographic image interpretation, despite major advances such as dedicated quantitative online analysis and 3D rendering. 13 Therefore,
we are interested to understand the potential of invasive imaging methods to overcome this limitation. Mean diameter measurements from the SB pullback are used as a reference. Red dashed lines correspond to measurement error and red dotted lines to 95% confidence intervals. Abbreviations as in Figure 1 .
Side-branch evaluation by main-vessel OCT
Previous intravascular ultrasound (IVUS) studies have studied the accuracy of SB evaluation from a main-branch pullback, showing that lumen and plaque measurements are subject to significant error depending on the relative position of the IVUS catheter. 9 Similarly, in OCT studies of non-bifurcated segments, errors in luminal measurements are common, especially for the maximum diameter, due to misalignment of the imaging catheter with the lumen centreline. 8, 11 Likewise, in our study, SB ostial measurements obtained by conventional analysis of a MB pullback were subject to significant error. This error was markedly high with wide limits of agreement, with an absolute value of 1.50 + 1.31 mm 2 for area and 0.44 + 0.30 mm for mean diameter. Importantly, in 50% of cases, the absolute error in SB ostium diameter measurement was .0.4 mm ( Figure 8B ). This could have important implications in the therapeutic approach, as such a difference could lead to suboptimal sizing when SB treatment is required. Moreover, while the main determinant of SB area measurement error was the SB reference diameter-with larger SBs associated with higher measurement errors-when the per cent SB area measurement error was assessed, the distal bifurcation angle was the only variable with a significant association.
Therefore, assessment of the SB ostium area from the MB pullback using conventional analysis should be avoided in cases with high distal bifurcation angle, as the error can be particularly high. This finding is in accordance with ex vivo and in vitro IVUS studies showing significant variability in measurements, depending on the angle of incidence of the ultrasound beam. 14, 15 Furthermore, in conventional assessment there was a mean overestimation of the SB area by 0.92 mm 2 and of the mean diameter by 0.14 mm. A possible explanation for this overestimation lies in the non-coaxial position of the catheter relative to the SB, at least in not severely diseased or extremely angulated vessels, as illustrated in Figure 1 . In our study, dedicated analysis was associated with a lower measurement error, and demonstrated high agreement with reference measurements. In contrast to conventional assessment there was no significant overestimation, as the mean error was 0.06 mm 2 for area and 20.01 mm for the mean diameter, with relatively narrow limits of agreement. In almost all cases, the absolute error was ,2.00 mm 2 for area and 0.5 mm for diameter ( Figure 8A and B) , indicating that cut-plane assessment can provide a good estimate for SB ostial dimensions. Notably, this finding seems rather robust, as this A. Karanasos et al. was observed in OCT pullback sets acquired for different imaging indications, in different clinical settings, with different imaging systems, and both in native and stented coronary arteries (half of the patients had stent in the MB at the carina level and one-third in the SB), reflecting real-world clinical scenarios. This 3D-OCT reconstruction and cut-plane analysis could be readily available after transferring the OCT pullback to the workstation, thus allowing implementation in the daily cath-lab practice. Despite, however, the better association with reference measurements compared with conventional analysis, the limits of agreement were somewhat wider for minimal and maximal diameter. This was more pronounced for maximal diameter, where intra-and interobserver agreement were also lower (intra-observer ICC ¼ 0.93; inter-observer ICC ¼ 0.79). A number of reasons may account for these minor discrepancies. First, the selection of a plane perpendicular to the SB is performed by visual estimation of the SB centreline by the observer, and thus subject to error. Secondly, as shown in Figure 1 , maximal diameter measurements are highly dependent on the catheter position. This variability is also found in inter-study comparisons of OCT and IVUS pullbacks. 8, 10 Thus, even reference measurements of minimal and maximal diameter are subject to error as the catheter tends to follow the outer vessel curve. Thirdly, OCT studies are subject to sampling bias due to (i) longitudinal resolution of 100-200 mm, depending on sampling rate and (ii) coronary artery movement, 16 making therefore exact anatomic matching of the ostium not always possible. Nevertheless, the overall error was relatively low (mean absolute error of 0.18 mm for the minimum diameter and 0.30 for the maximum diameter) and in any case significantly lower that the error encountered in conventional analysis of MB pullbacks.
In our study, we included only a small percentage of patients (31 out of 98) with imaging of both the MB and the SB. It is important to note that the reason for excluding a large number of cases from this study was that conventional measurements were used for comparison. As a consequence, a large number of pullback sets (n ¼ 51), mainly with left main bifurcations, was excluded from this study due to out-of-view artefact resulting in incomplete visualization of the SB ostium from the MB pullback. Nevertheless, as demonstrated by our additional series of 12 patients, assessment of the SB ostium is also feasible by cut-plane analysis in these cases with larger SBs (mean SB ostium diameter: 2.59 + 0.56 mm) and higher bifurcation angle Side-branch evaluation by main-vessel OCT (mean: 55.7 + 13.08), with a relatively low measurement error compared with reference measurements. Therefore, cut-plane analysis can be potentially used for the evaluation of a higher percentage of pullbacks that comprise 84% of cases in this series, whereas conventional analysis can only be performed in a much lower percentage. 
Clinical implications
These findings are clinically remarkable as they suggest that this novel approach could basically alleviate the need for additional OCT pullback in the SB, taking into account the accuracy of the obtained measurements and the therapeutic options, where stent diameters are typically sized at 0.5 mm incremental steps. Consequently, the demonstrated reliable SB assessment with the potential to limit SB instrumentation could significantly reduce procedural complexity, improve treatment strategy planning and potentially improve outcome of bifurcation lesions in the future.
Limitations
Limitations of this study include the relatively small sample size and that it mainly consisted of LAD-diagonal bifurcations, thus not completely representative of all bifurcation subsets. Nevertheless, as mentioned this is mainly a result of limitations of the conventional analysis that was used for comparison, and cut-plane analysis can also be applied in the majority of these cases. Inter-and intra-observer agreement in our measurements, performed in a laboratory setting, was excellent for lumen area and mean diameter with narrow limits of agreement. However, since the selection of a plane perpendicular to the SB involves a user-dependent factor which is the visual estimation of the SB centreline, the possibility of a higher variability in measurements performed by less experienced analysts cannot be excluded. Finally, as this is a retrospective study, selection bias cannot be excluded. A potential selection bias could explain the relatively low bifurcation angle (55.7 + 13.08) in our additional consecutive series of patients compared with previously reported values of 80 + 218 for the left main and 48 + 168 for LAD-diagonal bifurcations. 13 
Conclusions
In OCT assessment of SB ostia from a main-branch pullback there is high error when the SB area and diameters are measured by conventional analysis. Assessment in a laboratory setting by dedicated software that can reconstruct the cross-sections perpendicular to the SB centreline is associated with a significantly lower error and has a high correlation with reference measurements performed from a SB pullback. This approach could potentially limit the need for SB instrumentation and thereby reduce procedural complexity in the assessment of bifurcation lesions.
